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FINAL  TECHNICAL  PROGRESS  REPORT 


Enhanced  Spontaneous  Emission  of  Carriers  in  Semiconductor  Microcavities 

Electron-hole  pairs  generated  in  less  than  10  ps  inside  a  high-finesse  microcavity 
decay  an  order  of  magnitude  faster  than  do  carriers  generated  at  the  same  below- 
transparency  density  a  few  millimeters  away  in  the  same  layer  of  bulk  GaAs  but  with  the 
top  mirror  etched  away;  see  Fig,  1 .  Cavity  quantum  electrodynamics  (QED)  continues  to 
be  a  subject  of  intense  research.  In  the  regime  of  weak  optical  coupling,  spontaneous 
emission  can  be  modified  by  controlling  the  available  modes  into  which  emission  can  occur 
(modifying  the  photon  density  of  states).  With  the  advent  of  vertical-cavity  surface- 
emitting  lasers  and  monolithic  dielectric-mirror  very-high-finesse  microcavities  there  has 
been  much  interest  in  controlling  spontaneous  emission  of  semiconductors  to  improve  the 
directionality  of  light  emitting  diodes  and  lower  the  threshold  of  lasers.  Early  experiments 
measured  enhancements  as  large  as  a  factor  of  2  in  the  emission  rates  of  dye  molecules 
and  below-transparency-density  quantum-well  excitons  (or  carriers).  None  of  these 
enhancements  exceeded  the  well-known  factor  of  3  for  a  fixed  dipole  oriented  parallel  to 
and  positioned  at  the  center  of  an  ideal  half-wavelength  metal-mirror  planar  cavity.  Later 
calculations  for  the  dielectric-mirror  cavities  used  in  those  experiments  predicted 
enhancements  of  only  several  percent  for  oriented  atomic  dipoles,  i.e.,  much  less  than  the 
factor  of  2  observed.  There  has  been  no  discussion  of  this  discrepancy  much  less  theory 
explaining  it  in  the  literature  to  our  knowledge.  Meanwhile  there  have  been  two 
experiments,  using  Er^"*"  ions  implanted  in  Si02  and  low-density  quantum-weU  excitons, 
which  are  described  quantitatively  by  atomic-dipole  controlled  spontaneous  emission 
theory.  In  contrast,  our  experiments  over  the  last  four  years  show  an  order  of  magnitude 
enhanced  spontaneous  emission  rate  for  room-temperature  below-transparency-density 
bulk-GaAs  carriers.  The  physics  of  this  much  larger  cavity  QED  effect,  just  under 
conditions  of  greatest  technological  importance,  turns  out  to  be  relatively  simple  as 
extracted  from  fiilly  quantum-mechanical  many-body  semiconductor  theory  and  many  long 
computer  runs.  The  well-known  very  large  (much  greater  than  3)  enhancement  for  those 
emitters  able  to  emit  into  the  cavity  mode  is  not  almost  cancelled  by  strong  inhibition  of  all 
other  emitters  (as  in  the  fixed-dipole  case).  This  is  because  Coulomb  scattering  makes  it  a 
near  certainty  that  each  electron-hole  pair  whatever  its  initial  wavevector  will  have  the 
fast-decaying  wavevector  within  its  lifetime.  We  have  the  first  agreement  between 
experimental  data  and  a  theory  for  enhanced  spontaneous  emission  that  exceeds  the 
atomic-dipole  upper  limit  of  3.  A  modification  of  the  present  theory  slowing  down 
Coulomb  scattering  appropriately  for  lower  dimensional  quantum  wells  may  eventually 
resolve  the  aforementioned  discrepancy  there  as  well. 

Quantum~Dot  Versus  Quantum-Weil  Vertical-Cavity  Surface-Emitting  Lasers 

We  have  designed  and  grown  two  VCSELs  for  2K  operation  using  three  5.5-nm 
InGaAs/GaAs  quantum  wells  (919  nm  exciton  peak)  in  the  center  of  a  lA,  GaAs  spacer 
that  lase  around  920  nm  when  pumped  at  826  nm  cw.  Using  a  photodiode/sampling  scope 
with  40-ps  time  resolution,  we  have  found  no  increase  in  the  delay  between  100-fs  Ti:S 
excitation  and  VCSEL  lasing  with  the  application  of  a  12T  magnetic  field  (it  is  necessary 
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to  scan  to  a  new  spot  on  the  sample  to  bring  the  gain  and  cavity  mode  back  into 
coincidence).  We  conclude  that  there  is  no  phonon  bottleneck  effect  since  cw  lasing 
occurs  Sid  there  is  no  increase  in  delay  for  pulsed  operation.  Any  change  in  lasing 
threshold  as  a  result  of  the  narrowing  of  the  density  of  states  is  so  small  that  very  careful 
measurements  will  be  needed  to  quantify  it.  Recently  we  have  grown  VCSELs  with  very 
narrow  (1  meV  =  0.6  nm)  quantum- well  linewidths  that  exhibit  very  pronounced  vacuum- 
field  Rabi  splitting  and  should  be  ideal  for  quantum-dot/quantum-well  comparisons. 


Fig.  1.  Measured  photoluminescence  lifetimes  of  carriers  in  a  100-nm  GaAs  layer  in  the  center  of 
microcavities  with  a  portion  d  of  the  2.94-pm  mirror  etched  away.  The  dashed  curves  are  for  a 
microcavity  before  and  after  etching  away  the  substrate  and  all  but  six  periods  of  the  bottom  mirror.  The 
inset  shows  decays  for  the  lowest  carrier  density. 
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